Please cite this article as: Massei, N., Dieppois, B., Hannah, D.M., Lavers, D.A., Fossa, M., Laignel, B., Debret, M., Multi-time-scale hydroclimate dynamics of a regional watershed and links to large-scale atmospheric circulation: Application to the Seine river catchment, France, Journal of Hydrology (2017), doi: http://dx.doi.org/ 10. 1016/j.jhydrol.2017.01.008 This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. 
changes, it is of crucial importance to determine how and to what extent trends and long-term oscillations detectable in hydrological variables are linked to global climate oscillations.
In this work, we develop an approach associating correlation between large and local scales, empirical statistical downscaling and wavelet multiresolution decomposition of monthly precipitation and streamflow over the Seine river watershed, and the North Atlantic sea level pressure (SLP) in order to gain additional insights on the atmospheric patterns associated with the regional hydrology. We hypothesized that: i) atmospheric patterns may change according to the different temporal wavelengths defining the variability of the signals; and ii) definition of those hydrological/circulation relationships for each temporal wavelength may improve the determination of large-scale predictors of local variations.
The results showed that the links between large and local scales were not necessarily constant according to time-scale (i.e. for the different frequencies characterizing the signals), resulting in changing spatial patterns across scales. This was then taken into account by developing an empirical statistical downscaling (ESD) modeling approach, which integrated discrete wavelet multiresolution analysis for reconstructing monthly regional hydrometeorological processes (predictand: precipitation and streamflow on the Seine river catchment) based on a large-scale predictor (SLP over the Euro-Atlantic sector). This approach basically consisted in three steps: 1-decomposing large-scale climate and hydrological signals (SLP field, precipitation or streamflow) using discrete wavelet multiresolution analysis, 2-generating a statistical downscaling model per time-scale, 3-summing up all scale-dependent models in order to obtain a final reconstruction of the predictand.
The results obtained revealed a significant improvement of the reconstructions for both precipitation and streamflow when using the multiresolution ESD model instead of basic ESD. In particular, the multiresolution ESD model handled very well the significant changes in variance through time observed in either precipitation or streamflow. For instance, the post-1980 period, which had been characterized by particularly high amplitudes in interannual-to-interdecadal variability associated with alternating flood and extremely low-flow/drought periods (e.g., winter/spring 2001, summer 2003), could not be reconstructed without integrating wavelet multiresolution analysis into the model. In accordance with previous studies, the wavelet components detected in SLP, precipitation and streamflow on interannual to interdecadal time-scales could be interpreted in terms of influence of the Gulf-Stream oceanic front on atmospheric circulation.
INTRODUCTION
In the present context of global change, considerable efforts have been deployed by the hydrological scientific community to improve our understanding of the impacts of climate fluctuations on water resources (Cloke & Hannah, 2011) . Both observational and modeling studies have been employed extensively to characterize hydrological changes, variability and trends Wilson et al, 2013 ), which appears of primary importance when the question arises of disentangling "natural" and "human-induced" long-term hydrological variations and trends. For instance, streamflow records for the world's major rivers show large decadal to multidecadal fluctuations, with small secular trends for most rivers (Cluis and Laberge, 2001; Lammers et al., 2001; Mauget, 2003; Pekarova et al., 2003; Labat et al., 2004; Giuntoli et al., 2013) , which are important to be considered in developing new future scenarios of water resources (e.g. Prudhomme et al., 2014) . In addition to identifying and characterizing short-to long-term hydrological variations, improving the understanding of processes driving such changes is of crucial importance in order to determine, in particular, to what extent trends and long-term oscillations in hydrological variables are linked to large-scale climate variability. As mentioned in Laizé et al. (2014) , this is vital to improve the skills of hydrological predictions, and prediction of the water cycle.
In Europe, several studies have focused on the investigation of trends and low-frequency variability in hydrological variables (Stahl et al., 2010; Gudmunsson et al., 2011; Kingston et al, 2011) .
Precipitation over northern Europe experienced upward trends ranging between 6 and 8% from 1900 to 2005 (Trenberth et al., 2007) , and these trends are expected to persist over the 21st century (Christensen et al., 2007) . Investigating low-frequency variability in streamflow at the panEuropean scale, Gudmunsson et al. (2011) showed the existence of long-term oscillations originating from large-scale climate variations, the amplitude of which depended strongly on local watershed physical characteristics. Potential relationships of such low-frequency variability in European streamflow and large scale climate variations have been explored using climate indices, such as the North-Atlantic Oscillation (NAO) (Kiely, 1999; Massei et al., 2007 Massei et al., , 2010 Mares et al., 2002; Trigo et al., 2004; Angulo-Martinez and Begueria, 2012; Kingston et al., 2006; Giuntoli et al., 2013; Fritier et al., 2012; Dieppois et al. 2013 Dieppois et al. , 2016 . The NAO is considered as a particularly relevant climate indicator over the North Atlantic-Europe sector because changes in NAO phases produce large changes in the mean wind speed and directions, redistributing heat and moisture fluxes from the Atlantic to Europe (Hurrell, 1995; Cassou et al., 2004; Hurrell and Deser, 2009 ).
However, the links between NAO regimes (positive and negative NAO) and European hydroclimate are complex, as it is not constant over time and show seasonal as well as long-term temporal nonstationarity related to the position of NAO poles (Slonosky and Yiou, 2002; Raible et al., 2006; Fritier et al., 2012; Lehner et al., 2012; Dieppois et al., 2016) . This is consistent with the conclusions drawn by some authors who pointed out that those circulation indices would likely constitute poor large-scale predictors of local hydrological variations as they do not necessarily capture the most consistent atmospheric pattern linked to observed hydrological variation (e.g., Lavers et al., 2010a Lavers et al., , 2010b . In France, Giuntoli et al. (2013) pointed out the difficulty to use climate indices (NAO, AMO/Atlantic Multidecadal Oscillation) as hydrological predictors. They nevertheless highlight better skills in predicting low-flow using weather patterns than using climate indices such as NAO or AMO. Yet, by studying the links between hydrological variations (precipitation and streamflow) on the Seine river watershed and the NAO index using spectral and multiresolution time series analyses, Massei et al. (2010) and Massei and Fournier (2012) demonstrated significant correlation at some interannual and interdacadal time scales, and thus highlighted potential skills for hydrological predictions. Boé and Habets (2014) and Dieppois et al. (2016) highlighted the critical role of multidecadal climate variability on hydrological variations over France. Such multidecadal fluctuations in hydrological variations are indeed likely to strongly modulate trend, as it has been the case from the mid-19 th century in winter and spring (Dieppois et al., 2016) . This also holds for the coming decades, as at the regional and local scales, internal climate variability is likely to be as important as anthropogenic climate changes in the middle and high latitudes (Deser et al., 2012 (Deser et al., , 2014 . Therefore, to improve our prediction skills of hydrological
variations, it appears of particular interest to determine the way hydrological and climatic signals oscillate together at different time-scales, and to develop new statistical downscaling strategies accounting for those low-frequency (≥ 2 year up to multidecadal) time-scales of variability.
To address the above research gaps, this study builds on some previous work, which investigated high-to low-frequency oscillations in northern France/central England precipitation and streamflow (Fritier et al., 2012; Massei et al., 2010; Massei and Fournier, 2012; Dieppois et al., 2013; Dieppois et al., 2016 ). Here, we tested the potential value-added of combining discrete wavelet multiresolution decomposition and statistical downscaling for studying, understanding and predicting the links between precipitation or streamflow over the Seine river watershed with atmospheric circulation patterns using sea level pressure (SLP) in the Euro-Atlantic sector. We aimed at gaining new insights into the atmospheric patterns driving regional hydrology. In particular, the following hypotheses were tested: (1) do atmospheric patterns related to local hydrology remain unchanged whatever the different characteristic frequencies over which atmospheric and hydrological signals oscillate? (2) would accounting for time-scale-dependent characteristics of the large-scale circulation/local-scale hydrological variation relationships help improving the results of empirical statistical downscaling models of local or regional hydrology?
2. DATA AND METHODS
HYDRO-CLIMATOLOGICAL DATA
The Seine is one of the main French rivers (Fig.1) , with precipitation regime in the area is typically of pluvio-oceanic type. Its catchment area is ~78 000 km2 and comprises almost one third of the French population. With large regions devoted to agriculture and many large urban zones including Paris, it is heavily impacted by human activities. As a result such catchments are not classically considered as the most appropriate for investigating the linkages between hydrological and largescale climate variability . However, improving our understanding of such links
for such basins appears crucial precisely because a huge amount of the population of the country depends on its water resources. As in many rivers in northern France, the Seine is sustained by major groundwater aquifers. In the case of the Seine River, these aquifers develop within the wide Paris basin syncline, which comprises several hydrogeological units, either confined or unconfined.
The Climatic Research Unit (CRU) data-set was used to estimate precipitation data. The CRU TS 3.21 rainfall field was produced on a 0.5°×0.5° grid and derived from monthly rainfall provided by about 4,000 weather stations distributed around the world over the last centuries December 2007 was available on a daily time-step but aggregated monthly, as this study was designed for investigation of long-term hydrological variability.
National Center for Environmental Prediction/National Center for Atmospheric Research-1 (NCEP/NCAR-1) reanalysis (1948-Present; Kalnay et al., 1996) was used to infer monthly North Atlantic atmospheric dynamics over the North Atlantic region (75°W-35°E and 15°-75°N), with a 2.5°×2.5° horizontal resolution (i.e., 1125 grid-points). Only mean sea-level pressure (SLP), which is a good indicator of regional to local hydroclimatic conditions in the mid-to high latitude, was used between January 1950 and December 2007.
In the subsequent parts of the analysis SLP will be referred to as to "large-scale" variable, while precipitation and streamflow will be referred to as "local-scale" variables.
METHODS
The general approach developed herein intends to: (1) Continuous wavelet transform was used as a preliminary step for visualizing the spectral content of precipitation and steamflow signals. Then, all hydrological and SLP field signals were processed using wavelet multiresolution analysis and synthesis in order to obtain the high-to low-frequency components contained in each signal. Multiresolution decomposition results were then used for generating scale-dependent SLP composite maps based on hydrological variations, which allowed exploring the SLP patterns related to hydrology for different time-scales. Finally, we integrated the wavelet multiresolution framework into an empirical statistical downscaling approach in order to test whether accounting for the different time-scales over which hydrological and atmospheric climate field time series vary would help improving statistical downscaling models.
First, monthly precipitation and streamflow time series were analyzed using continuous wavelet transform (CWT), which allowed a first exploration of the spectral content of the hydrological signals. Typical scales of variability of each time series were thus detected and a first comparison of time-scale patterns identified in each variable was undertaken. CWT is a well-known method that has been used over the past decade for data analysis in hydrology, geophysics and environmental sciences (Torrence and Compo 1998; Labat, 2005; Sang, 2013) . For more technical details, a very rich literature on the application of wavelet analysis to geophysical time series is available; for instance, the paper by Torrence and Compo (1998) Second, all monthly time series (SLP gridded-data, precipitation and streamflow) were decomposed by wavelet multiresolution analysis into different internal components corresponding to different time-scales. Briefly, multiresolution analysis consists in the iterative filtering of the time series using a series of low-pass and high-pass filters which eventually produce one high-frequency "rough" component called "wavelet detail" and one lower-frequency "coarse" component called "smooth" or "approximation". The smooth produced at each scale is then subsequently decomposed into a second wavelet detail and a second smooth, the latter to be decomposed again in the same way until one last smooth remain that will no longer be decomposed. Summing up all wavelet details and the last smooth (i.e. the lowest-frequency component) gives back the original signal. We will not discuss here the mathematical basis of multiresolution analysis, which can be easily accessed in the very rich literature on the topic (see for instance Labat et al., 2000) : it is only needed to keep mind that one given signal can be separated into a relatively small number of wavelet components from high to low frequencies that altogether explain the variability of the signal, as this will be illustrated later using precipitation and streamflow time series. Precipitation, streamflow, as well as each of the 1125 grid-points of the monthly SLP field were decomposed by wavelet multiresolution analysis, resulting in 9 wavelet details plus 1 smooth in each case. As a result, the process ended up with 9 wavelet details plus 1 smooth for precipitation, for streamflow, as well as for the SLP field (i.e., for each of the 1125 grid-points).
The next step consisted of exploring the spatial patterns associated to the precipitation/SLP and streamflow/SLP relationships to gain insights into potential changes according to time-scale, since natural geophysical signals can behave very differently on different time-scales: does SLP predictor of local hydrological variability remain constant in terms of spatial structure whatever the timescale of oscillation considered in both hydrological variables and SLP field? Such a hypothesis was Data analyses were undertaken using R packages biwavelet (Gouhier and Grinsted, 2012) , wmtsa (Constantine and Percival, 2016) , and clim.pact (Benestad, 2011) .
3. RESULTS
CHARACTERISTIC TIME-SCALES OF PRECIPITATION AND STREAMFLOW OSCILLATIONS AND TRENDS
CWT spectra of precipitation and streamflow display energetic peaks at several time scales ( Fig Multiresolution analysis was applied to local hydrological and climate field time series to achieve full time-scale decomposition of each signal. The process resulted in separation of 10 components,
i.e., 9 wavelet details and 1 smooth for each signal (Figs. 3 and 4) . Variability of precipitation and streamflow could then be explored across different time-scales. Precipitation was clearly dominated by high-frequency variability (D1/~3 months) and D2/~6-months), explaining 72% of total precipitation energy (Table 1) . On the other hand, annual and lower-frequency components, i.e., between D3 (annual cycle) and D9 (58-yr) explained 28% of total precipitation energy ( Table 1) . As previously noticed on streamflow CWT, the annual cycle was much more pronounced in streamflow variability, explaining 45.5% of total energy (D3; Fig.4 and Table 2 ). Both precipitation and streamflow exhibited similar oscillatory components on interannual to interdecadal time scales (D4/1.5-1.9-yr to D9/58-yr in Fig.3 and 4) , which were not easy to detect by simple visual inspection of the precipitation and streamflow time-series (gray time-series in the background in figures 3 and 4). Details D8 (29 years) and D9 (58 years) correspond, respectively, to a long-term oscillation and a trend of about half the length up to the total length of the time series. The last component (smooth S9) was constant in precipitation and streamflow and corresponded to the mean of each time series, demonstrating all varying components had been successfully extracted. The interannual spectral peaks of periods ~5-10 yr and ~18 yr identified previously on the precipitation CWT spectrum were clearly captured by multiresolution analysis as details D6 and D7. As a whole, low-frequency variability (> oscillations greater than 1 year) explained 14.9% and 31.1% of total energy for precipitation and streamflow, respectively.
RELATIONSHIP WITH NORTH ATLANTIC CIRCULATION PATTERNS
SLP composite maps were generated based on precipitation and streamflow variations in the Seine watershed (Figs. 5 and 6). Seven composite maps were generated based for both precipitation and streamflow variations, corresponding to time-scales ranging from ~0.2 yr to ~19.3 yr. Composites
were not calculated for D8 (29-yr) and S9 (58-yr), as fluctuations on such time-scales only corresponded to very low-frequency variability of about the length or half the length of the time series (visible in Figs. 3 and 4) , because they only explained a very low contribution to total energy (Tables 1 and 2) , and because they were not statistically significant as shown by CWT ( Fig.2A and   B) . Hence, such maps reflect the magnitude and sign of the co-variation between precipitation/streamflow and the SLP field. The identified regions describe spatial patterns that display significant changes according to the time-scale considered in terms of spatial extent, location of high-and low-pressure regions.
At each time-scale, SLP composite anomalies impacting precipitation variability show highpressure anomalies over the northern North Atlantic as well as low-pressure anomalies centered on the English Channel and the North Sea (Fig.5) . This is associated with cyclonic circulation over However, using either precipitation or streamflow variations, the wavelet-based composite analysis highlighted that the spatial extent of atmospheric patterns were not strictly similar according to the different time-scales of hydro-climatic variability. This suggests that the different scales over which local hydro-climatic processes vary, may not be necessarily related to the same type of atmospheric circulation process.
TIME-SCALE-DEPENDENT STATISTICAL DOWNSCALING
10 components were obtained from the wavelet decomposition (i.e. 9 wavelet details plus one smooth) of each of the 3 variables (SLP field, the precipitation and streamflow time series). 10 statistical downscaling models for both precipitation and streamflow were then derived, i.e. one for maps were generated in exactly the same way for streamflow (not shown); the spatial patterns described by the multiple regression model also matched quite well streamflow-based composite maps.
The quality of monthly precipitation and streamflow reconstructions obtained with ESD and multiresolution ESD was assessed using the Nash-Sutcliffe efficiency criterion (NSE) and coefficient of determination (R 2 ). NSE and R 2 coefficients showed improvement of the ESD model for both precipitation and streamflow when wavelet multiresolution decomposition was used. For instance, NSE was 0.48 for the monthly precipitation ESD model (Fig.8B) , whereas it reached 0.54 (Fig.8A) for the multiresolution ESD model (resp. 0.47 and 0.54 for streamflow, not shown).
Comparison of continuous wavelet spectra of observed precipitation ( Fig.2A) , ESD model ( Fig. 9A) and multiresolution ESD model (Fig. 9B ) indicated that most of the improvement provided by multiresolution ESD involved a better simulation of interannual to interdecadal time-scales, which the ESD model was not able to reproduce. The continuous wavelet spectrum of the multiresolution ESD simulation (Fig.9B) clearly displays the same time-frequency structures as those of observed precipitation CWT ( Fig.2A) for periods higher than 4 years.
Owing to the capability of wavelet analysis to capture both high and low-fequency variabilities, the value-added of multiresolution ESD over ESD is getting clearer when monthly observed and downscaled time series are aggregated on an annual time step: the multiresolution ESD model performed well in reproducing long-term variations, whereas the ESD model completely failed in capturing low-frequency variations, especially for streamflow ( Fig.10 A and B) . Predicting capabilities of the multiresolution ESD approach were tested for a 9-yr lead time (Fig. 10C ), as such a duration allows for taking into account high-amplitude interannual variations characterizing hydrological variations in precipitation, river flow and ground water levels within the study area (El Janyani et al., 2012; Massei et al., 2010; Slimani et al., 2009) . The multiresolution ESD model was successful in predicting observed high precipitation amounts of the late 90's-early 2000 period (connected points). On the other hand, the ESD model was not able to catch the high amplitudes of observed precipitation during the same period.
DISCUSSION
From the results we can conclude that slightly different atmospheric patterns could be related to precipitation or streamflow variations according to the time scale considered, which characterizes the non-linear nature of the large-scale circulation/local-scale hydrology connections. Lavers et al. Investigating the physical meaning of ~3 months and ~6 months shorter-term oscillations seemed difficult in the context of this study, and should be done through multimodel climate ensemble.
However, interannual to interdecadal oscillations had already been highlighted in numerous previous works in the winter months NAO index, baroclinic Rossby waves and North-Atlantic subtropical gyre (Terray and Cassou, 2002; Massei et al., 2007; Fritier et al., 2012; Pinault, 2012, as well as many others). While Massei et al. (2007) reported 2. 4-yr, 5.4-yr, 7.6-yr, 20 .6-yr fluctuations in the winter NAO, Feliks et al. (2011) found significant oscillatory modes with periods of 2.8-yr, 4.2-yr, and 8.5-yr in both observed NAO index and a NAO atmospheric marine boundary layer simulation forced with SST from a SODA (Simple Ocean Data Analysis) reanalysis: according to Feliks et al. (2011) these atmospheric oscillatory modes in the simulations were found to be induced by the Gulf Stream oceanic front. In addition, in our study, oscillatory components of precipitation and streamflow on sub-annual and 7.2-yr times-scales were associated to SLP patterns that appeared very similar to those found by Lavers et al. (2010) for several January precipitation and streamflow observations in the Great Stour Basin, southeastern England. These patterns were not exactly reminiscent of the NAO, as highlighted by Lavers et al. (2010) , with centers of action actually shifted to the North. On the other hand, interannual ~3.2-yr (and to a lesser extent 1.5/1.9-yr) and interdecadal ~19.3-yr components for both precipitation and streamflow revealed a much more spatially extended pattern across the Atlantic with lower SLP roughly following the Gulf Stream front. These components are represented in figure 11 and would then illustrate this part of localscale precipitation or streamflow variability most directly linked to large-scale oceanic/atmospheric circulation processes. Although SLP was used in this study, it would be interesting to account for other types of potential large-scale climate drivers (different geopotential heights, meridional and zonal wind, atmospheric moisture flux, sea surface temperature, etc.).
We noted that beyond the 1-yr time-scale, the large-scale patterns associated to precipitation and streamflow variations became quite similar in terms of both spatial structures and amplitude, even if river flow was not naturalized before conducting the analysis. One main source of anthropogenic influence on Seine river is due to the presence of 4 large reservoirs at the headwaters of the catchment, along with water abstraction for agriculture. It is interesting to notice that the existence of such impacts does not prevent river discharge from recording low-frequency large-scale atmospheric influence quite similarly as precipitation, whereas the watershed would normally not be tagged as climate-sensitive. Of course, additional physics-based research would be needed in order to assess how both natural (infiltration, ground water flow and discharge) and anthropogenic (water abstraction, reservoirs) physical processes impact the amplitude of low-frequency streamflow variations originating from climate variability.
From a methodological standpoint, the multiresolution ESD approach seemed fairly robust so far:
for instance, the results did not seem to be highly sensitive to the type of wavelet/scale functions used. 10 least asymetric daubechies scale and associated wavelet functions with 2, 4, 6, 8, 10, 12, 14, 16 18 and 20 coefficients were tested: the shape of the spatial patterns (not shown) never displayed significant changes that may lead to different physical interpretations. As a consequence, no significant differences could be notice for the 10 different multiresolution ESD models (Fig. 12 ).
Yet, the method would still need to be more deeply explored. For instance, the method depends on the length of the time-series available, which controls the number of wavelet components and associated time-scales extracted: the sensitivity of the multiresolution downscaling approach to this characteristics (what is actually gained when the time series used are short, e.g., less than two decades?) would also need deeper investigation. (Fig.3A) is well retrieved using multiresolution ESD. 10 least asymetric daubechies scale and associated wavelet functions with 2, 4, 6, 8, 10, 12, 14, 16 18 and 20 coefficients were used, showing no high dispersion of the 10 multiresolution ESD models generated. > Links between Sea Level Pressure and precipitation or streamflow were studied on Seine. > Links were investigated from high-to low-frequency components of the signals. > Links were found to be time-scale dependent. > Such findings might be useful for refining statistical downscaling models.
TABLES

